gered a search for downstream effectors of Rho, Rac, and other family members. This work also initiated the exploration of upstream signaling pathways that reguMany features of cell behavior are regulated by Rho family GTPases, but the most profound effects of these late the activity of these proteins. In this review, we will concentrate primarily on Rho and Rac, discussing both proteins are on the actin cytoskeleton and it was these that first drew attention to this family of signaling protheir upstream regulation and their downstream effectors. We will confine our discussion to the mammalian teins. Focusing on Rho and Rac, we will discuss how their effectors regulate the actin cytoskeleton. We will proteins, although many lessons have been learned from family members expressed in other organisms. In their describe how the activity of Rho proteins is regulated downstream from growth factor receptors and cell original papers, Ridley and Hall revealed for the first time that there is crosstalk between Rac and Rho, as adhesion molecules by guanine nucleotide exchange factors and GTPase activating proteins. Additionally, well as between Ras and Rho family GTPases. At the time, most signaling pathways were portrayed as strictly we will discuss how there is signaling crosstalk between family members and how various bacterial linear, but today crosstalk and feedback loops have become an expectation among those who study signal pathogens have developed strategies to manipulate Rho protein activity so as to enhance their own surtransduction. We will discuss several of the pathways by which Rho family proteins interact with each other, vival.
Rho, Stress Fibers, and Tension
In their first paper, Ridley and Hall concluded that stress fibers formed as a result of actin polymerization that stimulated very prominent stress fibers, but their stellate arrangement was abnormal and they were much thicker was nucleated in focal adhesions. However, previously an alternative had been proposed that stress fibers asthan the stress fibers induced by active Rho. In contrast, more normal stress fibers could be induced by coexsemble as a result of myosin-based contractility. Exploring whether Rho might act to induce stress fibers and pression of activated forms of the mammalian homolog of diaphanous (mDia), another Rho effector (Watanabe focal adhesions by stimulating contractility confirmed that this was indeed the case and revealed that active et al., 1999). Expression of activated forms of mDia promote assembly of fine arrays of thin stress fibers that Rho elevated myosin light chain (MLC) phosphorylation (Chrzanowska-Wodnicka and Burridge, 1996). Simultaappear to be less bundled than the stress fibers induced by Rho activation or expression of constitutively active neously, it was shown that one of the downstream Rho effectors, Rho-kinase (ROCK, ROK) elevates MLC phosRho-kinase. The density and appearance of stress fibers could be experimentally varied by titrating different levphorylation by inhibiting the MLC phosphatase (Kimura et al., 1996) . Subsequent work established that Rhoels of active Rho-kinase and mDia . Significantly, mDia, a member of the formin family kinase can also take the place of the MLC kinase (MLCK) directly phosphorylating the regulatory MLC and thereby of proteins, stimulates actin polymerization (Li and Higgs, 2003), but whether it is the actin polymerizing enhancing myosin activation (Amano et al., 1996). Together these studies established that Rho promotes myactivity of mDia that contributes to stress fiber organization or some other activity has not been determined. In osin contractility and that the resulting tension drives the formation of stress fibers and focal adhesions (Figure the study in which external force was applied to cells and promoted focal adhesion formation and growth, 2). Perhaps the best evidence that tension itself can promote assembly of these structures comes from studmDia was found to be a critical factor. External force did not induce focal adhesion formation if Rho activity ies in which mechanical force was applied to single cells in which myosin activity was inhibited. In such cells, was inhibited by C3 exotransferase, but could be rescued by expression of constitutively active mDia (Riveextrinsically applied force could take the place of the intrinsic tension, promoting assembly of stress fibers line et al., 2001 ). This study identified at least two components in stress fiber and focal adhesion assembly, and focal adhesions (Riveline et al., 2001) . Does Rho-induced actin polymerization contribute to the generation of tension, which could be either intrinsic, i.e., generated by myosin activity, or extrinsic, i.e., apstress fiber development? Somewhat surprisingly, when this was examined directly, the level of polymerization plied from the outside, and an activity supplied by activation of mDia ( Figure 2 Some of these effects occur with expression of PAK complex and its role in nucleating actin polymerization, mutants that cannot bind Rac or Cdc42, and, somewhat the focus turned to identifying how Rac can activate surprisingly, some of the effects are induced by expresArp2/3. First, a critical component between Rac and sion of kinase-dead forms of the enzyme. Whereas loss Arp2/3 was found to be the WAVE/Scar protein that of stress fibers and focal adhesions requires active PAK belongs to the WASP family (Figure 3) 
-kinase). It lacks Rho GAP activity, but uses this domain of GTPases (see below), whereas Pix is itself a Rac and to bind Rho proteins and this binding regulates its activCdc42 GEF (Turner et al., 2001). The association of a ity (Zheng et al., 1994). Another example is N-chimaerin, downstream Rac effector with an upstream regulator where the actual binding to GTP-loaded Rac rather than of Rac activity suggests signaling feedback loops. The its GAP activity is the determining factor for its biological pairing of downstream effectors with GEFs also raises activity (Kozma et al., 1996). the intriguing possibility that this provides a mechanism
The only known GEF for Rac and Rho in 1992 was whereby a particular GEF activates preferentially one out of many possible downstream pathways. (Hiraoka et al., 1992) . At this time, Dbl, the prototype GEF containing the DblRac, even though this was not discovered in the original papers. Rho activation is followed by a Rac activation, homology (DH)/Pleckstrin homology (PH) domain tandem repeat, common to all Dbl family members, had which seems to be dependent on phospholipase activation, calcium/calmodulin-dependent kinase and Tiam1 been characterized as a Cdc42 GEF (Hart et al., 1991) 
Smg-GDS, which is an unusual GEF in that, at least in vitro, it exchanges nucleotides on a wide variety of small all been shown to be activated by heterotrimeric G proteins (Fukuhara et al., 2001). In addition, LPA signals to GTPases of different families

